The paper considers the relationship between the quality of radiation and biological lesions produced by ionizing radiation. The paper provides a brief review of the modelling of induction of strand breakage, chromosome aberration, revertant mutation in bacteria and Drosophila melanogaster. Experimental data are presented for the relative biological effectiveness of helium ions and a -particles for mutation induction and genome lethality in Escherichia coli. The paper examines the relationship between the mutational events and LET. The RBE-LET values for T4 phage, E. coli WP2 and mwh (multiple wing hair) show dependency on LET while the w i (white-ivory) allele mutants show no dependency.
INTRODUCTION
The paper considers the relationship between the quality of radiation and biological lesions produced by ionizing radiation. The paper provides a brief review of the modelling of induction of strand breakage, chromosome aberration and mutation. Experimental data are presented for the relative biological effectiveness of helium ions and a-particles for mutation induction and genome lethality in Escherichia coli. The paper examines the relationship between the mutational events and LET.
In general, radiation oncogenesis is a multi step process including the initiation, the promotion or expansion processes, the conversion and the final stage of progression. In description of the interaction of ionizing radiation with the cell, three important steps can be considered in the production of a lesion: molecular damage produced immediately after the absorption of the energy; fixation of damage remaining after the completion of the fast physico-chemical reactions, and finally; the damage which remains after the intervention of metabolic processes.
In the initiation stage radiation produces molecular damage by modification of the primary structure of DNA following the passage of the particle through the cell. The initial molecular damage is subject to modification and amplification by cellular responses to maintain the genetic stability of the cell. In the majority of cases the initial damage to the DNA structure is reparable depending on the physical type of damage and physiological conditions of the cell. Modification of the molecular damage could lead to genomic instability of the cell and specific biological lesions, such as chromosomal aberration and mutation in a specific target somatic cell. Expression of a particular mutational event through the cell cycle initiates the clonal expansion of the oncogenic processes that could lead to the final stage of clonal conversion and progression of the malignant cell 1) .
Interaction of ionizing radiation with DNA induces a variety of molecular damage such as single strand breaks, double strand breaks, base damage and DNA-protein cross links. Molecular damage is the result of the deposition of energy and production of ionized and excited states of the molecules (physical events), radical species and other molecular products in the environment of the DNA (chemical events). The time domain of radiation action starts with the transfer of energy from the primary particle to the molecules of the medium at times less than 10 -15 s. Transfer of energy to the surrounding medium initiates a chain of events depending on the magnitude of energy being transferred and electronic structure of the material of the medium. These interactions, in the forms of clusters of ionizations and excitations, set in motion one or more electrons in the surrounding molecules. These events have a random distribution and normally no two electrons produce the same distribution. The energy degradation of the primary particles continues by successive interactions with the neighbouring molecules and the ejection of secondary electrons until its excess energy is completely lost and the electron becomes trapped by the electrostatic charges. The trapped electron is usually referred to as the hydrated electron (e -aq ). Hydrated electrons behave as free radicals, diffuse and interact with other atoms until captured. The creation of hydrated electrons is regarded as the start of the chemical stage of the interaction of radiation with matter at which time the system is in thermal equilibrium. At this stage the initial energy of the primary particle and all its delta rays have been transferred to the neighbouring molecules where free radicals and excited molecules have been created. The chemistry of hydrolysis of free radicals becomes important in radiation biology because a large proportion of cell constituents is made up of water. Therefore the main concern of radiation chemistry is to follow the behaviour of the free radicals and their subsequent interactions. One consequence of free radical diffusion and reactions with other molecules is the modification and amplification of existing molecular damage from the physical stage as the result of direct interactions in the target. Table 1 summarises the time domain of radiation effects in biological systems. The table shows the relative time scale between the initial events and the final induction of cancer.
Chemical alterations due to direct ionisation of the molecules and free radical reactions lead to degradation of the biomolecule and induction of cross-linking, intercross-linking of the DNA, protein etc. These and other changes to the conformation of the biomolecules may change the enzymatic activity of the cell. Table 2 provides a quantitative summary of the number of events produced by 1 Gy of radiation of three different qualities in a mammalian cell. The differences observed in biological effects of radiations of different quality may arise not only from differences in their track structures but also from differences in physical and physiological conditions. It may be noted that although energy deposited in the cell by 1 Gy of radiation produces a large number of events (approx. 10 5 ionizations and excitations) only a fraction of these lead to induction of recognisible molecular damage.
DNA strand breakage
The most commonly observed damage to cells following irradiation is the presence of single and double strand breaks and base damages in the DNA. Of the variety of damages induced in the cell, double strand breaks are known to correlate well with cell death and in sensitive cell lines, lacking repair capability, the mean dose to kill a cell is approximately that which produces a double strand break 2) . Single strand breaks appear to be of little importance to survival or mutagenesis of most eukaryotic cells. For example, there could be as many as Since in G1 and early S the cell is more sensitive to irradiation than in late S or G2, cell survival is not a simple function of the induced damage as the single average value suggests. For less sensitive cells (for example V-79) there is not a simple relationship between the cell survival and double strand breaks. However, involvement of higher order structures of the DNA such as the nucleosomal matrix has been suggested as a potential radiation target 3 -4) . These differences which may arise from differences in reparability or complexity of dsb are reflected in the values of RBE for induction of dsb by radiations of low and high LET ranging from 0.5-1.6 5) . Figure 1 shows the values of relative biological effectiveness (RBE) dsb for induction of double strand breaks in various cell types by ionizing radiations. Data are presented for protons, a -particles and light ions. These studies have been carried out using pulsed gel electrophoresis (PFGE), constant gel electrophoresis (CFGE), sedimentation and filter elution techniques. Most recent values for the induction of double strand break indicate a value of RBE of nearly unity 5 -6) .
Several groups have carried out modelling of DNA strand breakage over the past decade [7] [8] [9] [10] [11] [12] . These calculations, in general, have considered interactions of DNA with tracks of charged particles and taken into account the complementary effect of water radicals generated by ionizations and excitations in water around the DNA. Strand breakage is produced either by direct interaction of a track or by reaction of hydroxyl radicals with sugar/phosphate groups. Energy to produce a strand break by direct interaction has been set to variety of values ranging from 12.6 eV to 30 eV based on the criteria and assumptions used in the model 10, 12) .
Chromosome aberration
Exposure of cells to ionizing radiation during G 0 /G 1 phases of the cell cycle cause chromosome aberrations which can be observed at the first mitosis after irradiation. In general, chromosome aberration is the consequence of interaction of two damaged chromosomes. The primary lesions in each chromosome arm could be due to action of a single track or multiple tracks. Although experimental evidence indicates a linear relationship for the induction of dsb with dose for all radiations and no LET dependence, in contrast human lymphocytes irradiated in G 0 give dicentric yields which are curvilinear for low and high LET radiations 13) . Techniques to score chromosomal aberrations in cells have made considerable progress in recent years with the advent of Fluorescence in situ Hybridisation (FISH). This technique allows painting of specific pairs of homologous chromosomes to identify larger classes of aberrations, which were not possible to detect previously. For a more detailed account of recent experimental data for chromosome aberrations see Simpson and Savage (1995) , Griffin et al (1995 Griffin et al ( , 1998 , Wu et al (1997 Wu et al ( , 1998 ) and references therein 14 -18) . Modelling of chromosome aberrations has been made for dicentric induction in human lymphocytes by Edwards et al 19 -20) . In this model which is based on the Revel hypotheses, assuming half the exchanges are dicentrics, DNA is assumed to be randomly distributed in the cell nucleus and all ionizations to have equal probability of induction of 50 dsb per Gy per cell. The model assumes that the ratio of exchange to non-exchange probability is a function of distance between the initial lesions.
Other modelling and computational studies have been carried out by Brenner (1988 19 -26) . These models, in principle search for a mechanism for the induction of primary lesions and their interactions according to Revel and Lea general theories on the formation of chromosome aberrations 27 -29) . However, modelling and computational studies have not yet allowed the rejection of Sax/Lea (breakage and reunion) or the Revell's (damage interaction) theories.
Mutation
Mutation is one of the fundamental effects of ionizing radiation in DNA as a precursor for human genetic disease. Studies of these systems become important as mitotic recombina- tion and allelic loss in somatic cells by recessive mechanism have been shown to be involved in tumour suppresser gene inactivation. The work reported here is confined to discussion of RBE-values for the induction of reversions in bacteria, bacteriophage amber mutants and Drosophila systems.
Phenotypic reversions of auxotrophic strains of E. coli
The experimental work described below was part of a much larger programme carried out in the 1960s and 1970s on survival and mutagenesis of Escherichia coli after exposure to ionizing radiation 30) . Before irradiation cultures in minimal medium were maintained in exponential growth phase. Cell characteristics such as average number of nuclei per cell and radiosensitivity were reproducible from experiment to experiment. After X-or g -irradiation the segregation pattern for induced mutants showed that the average number of segregating units per bacterium was greater than the average number of stainable nuclei per cell and close to the average number of gene copies per cell. Bacterial survival curves closely resembled the multi-target form with extrapolation numbers greater than the average number of nuclei per cell by a factor of 1.36 +/-0.15 30) . This is consistent with expectation for targets which are single genomes segregating from replicating chromosomes as autonomous viable entities.
Mutations at chain terminating triplets in the DNA of E. coli leading to phenotypic reversion would be expected to arise from energy losses by an ionising particle at or close to these sites e.g. at the ochre site of a gene involved in the tryptophan synthesis of E. coli WP2 trp 31) . Phenotypic reversion may also occur as a result of a mutation at any one of a number of ochre suppressor loci, mostly tRNA genes 32) which effectively annul the polypeptide chain terminating function of an ochre DNA triplet. Suppressor mutants can be distinguished from locus revertants by the fact that the former are lysed on infection by certain ochre bacteriophage mutants whereas the latter remain unlysed 31) . Phage lysis tests of revertants can thus provide information on mutations at two or more different sites in the E. coli genome.
Frequency of induced mutants
An ionizing particle which passes through a particular mutation site in an E. coli genome usually passes through other points of the same genome where it may leave DNA damage potentially lethal for a newly induced mutant. Statistical analysis of mutagenic and lethal effects in a population of irradiated cells shows that if there are on average m particle tracks through the genome of a non-mutant survivor there will be (m +1) tracks through the genome of a mutant survivor 33) , the "extra" track through a mutant being the mutagenic one. This is true for all values of m, i.e., for all radiation doses. When calculating the induced frequency of mutants amongst survivors it is therefore necessary to allow for the additional lethal hazard faced by a potential mutant from its own mutagenic track. The probability that a genome survives lethal damage from one track passing through it is the same for mutagenic and non-mutagenic tracks provided the mutation target is a small fraction of the whole genome. If this probability is S the true frequency of induced mutants amongst survivors is equal to (number of mutants / number of survivors) /S. This expression could also be written (apparent mutant frequency) / S. For the low LET tracks of secondary electrons generated by 60 Co g-rays the value of S lies between 0.99 and 1 (Munson unpublished) and for the present purpose will be taken as unity. Values of S for a-particles can be derived from experimental survival data and are much smaller than unity (see Table 4 ). In our present experiments we have observed the frequency of mutants per surviving bacterium at two stages during segregation: (i) immediately after irradiation and/or (ii) after completion of segregation. At stage (i) we have the problem of converting estimates of mutant frequency per bacterium to frequency per genome whilst with (ii) there is a possible error from selection pressures during mutant segregation. The problem of stage (i) has been solved by observing bacterial survival over a wide range of doses in parallel with mutant estimates for both a -and g -radiations. From these survival curves we have derived the values of the ratio (number of surviving genomes) / (number of surviving bacteria) at any dose for each radiation. We shall denote this ratio by r.
METHODS

Preparation of bacterial samples
The amino acid auxotrophs used were all derivatives of E. coli B/r, viz. WP2 (trpE65), WU 36 (tyr) and RRU 35 (leu). Phage tests on revertants of strains WU 36 and RRU 35 have shown that their auxotrophies were due to ochre and amber chain terminating codons respectively. They were all grown at 37°C with aeration in M minimal medium 34) to which the appropriate amino acid was added at 10 mg ml -1 . Stock suspensions at ~2 10 8 ml -1 were prepared from cultures in exponential growth and stored for 3 to 4 days at 4°C. Spontaneous revertants to amino acid independence in these suspensions were scored by spreading 0.1 ml amounts on 1.5% (w/v) agar containing M medium, incubating at 37°C for 48 h and counting colonies. Stocks with revertant frequencies greater than 10 -8 were rejected as unsuitable. Mutations to amino acid independence in experimental and control samples of these suspensions were similarly scored on 1.5% (w/v) agar containing M medium supplemented with a small amount of the amino acid required by the parent auxotroph (0.75 mg ml -1 tryptophan, 1mg ml -1 tyrosine or 2 mg ml -1 leucine), incubating at 37°C for 48 h and counting colonies. Platings on the same media of suitable dilutions of samples gave the numbers of viable bacteria ml -1 . For each experiment a fresh culture of the selected strain was grown and tested as described above. A suitable quantity of the stock suspension was added to the appropriate growth medium at 37°C so that after two generation times the bacterial density was 10 8 ml -1 . The culture was then cooled over a period of 30 min to 15°C and the total bacterial density was followed at intervals of 30 min thereafter using a Thoma Hawksley counting chamber and a microscope with dark ground illumination.
Samples of bacteria for mutant estimation were prepared by filtering volumes of suspension each containing 4 10 8 bacteria using Millipore filters of 0.45 mm pore size. The bacteria settled as a monolayer on the filter which was kept moist before and during irradiation by laying it on a filter pad soaked in growth medium. Four or eight samples were prepared simultaneously and these were then stored at 20°C in water saturated air whilst others were prepared and stored in the same way until the required number were ready. Samples of diluted bacterial suspension containing about 100 cells were filtered in the same way and used for estimation of viable bacteria. Each experiment involved exposures of several samples in random order to g rays or to heavy ions within a period of 60 to 90 min following the preparation of the first samples. This ensured that any biological variability between samples had little effect on the relative frequencies of mutants induced by the two radiations.
Biological endpoints
Different post-irradiation procedures were adopted for investigation of (i) mutant colonies arising in situ on sample filters, (ii) mutants which were fully segregated and expressed at the time of plating following resuspension and growth of bacterial samples, or (iii) the relative numbers of locus revertants and suppressor mutants by T4 ochre 427 phage tests.
Mutant colonies in situ on filters
After irradiation, filters supporting bacterial samples were lifted from their pads and laid on 0.75% (w/v) agar plates containing supplemented M medium and incubated at 37°C for 48 h. Unirradiated control samples prepared at the beginning and at the end of each set of irradiations were treated in the same way. The amino acid supplement, which is included in the post irradiation growth medium in order to allow expression of all induced mutants, also promotes the appearance of other mutant colonies which arise spontaneously from the parent bacteria after they have been isolated. There is evidence that the number of these additional colonies -sometimes called "plate mutants"-is proportional to the amount of supplement available 35 -36) and if so their numbers should be the same for irradiated and unirradiated mutant samples. From the counts of these mutant colonies and those of viable bacteria the overall frequencies of mutants amongst surviving bacteria could be calculated. Suppose the colony counts of these samples were: -B for viable bacteria control on M supplemented medium 
The corresponding frequency per surviving genome is f /r.
Mutants already segregated and expressed
After irradiation bacteria on filters were resuspended in M medium together with 10 mg ml -1 of the required amino acid and allowed to multiply in a turbidostat 37) over a period of at least four generation times. Samples of each culture were then filtered, washed and resuspended in M medium and for mutant counts were spread on agar plates containing M medium. Total bacterial counts under the microscope and optical density measurements of the suspensions were made and samples of diluted suspensions for viable counts were spread on supplemented M plates. After 2 days incubation at 37°C colonies were counted. Since practically all bacteria in these suspensions were viable, induced mutant frequency ratios for different radiations could be obtained from the ratios of mutant counts together with the ratios of viable counts, optical densities or total counts.
Locus revertants and suppressor mutations
Mutant colonies from the M plates were picked off one by one and each resuspended in a tube containing 1 ml of M medium. After overnight incubation 0.5 ml was added to 5 ml of 0.65% molten agar at 45°C together with approximately 200 T4 ochre 427 phage. Each tube of molten agar was then poured onto an M plate. Plates were incubated at 30°C and examined for phage plaques on the following day.
Mean lethal doses
Mean lethal doses for strain WP2 were determined from the final slopes of semilogarithmic survival curves derived from counts of filters each seeded with sufficient bacteria to yield 100 colonies after irradiation and incubation as is usual in this type of experiment 38) . The results were checked in a few cases by irradiating 4 10 8 bacteria per filter (as for mutant assays) and resuspending, diluting and plating them subsequently. Despite the great disparity in bacterial surface densities during irradiation the observed viable fractions were not significantly different.
Irradiations
Helium ions of LETs between 30 and 80 keVmm -1 in water were generated by the Variable Energy Cyclotron or the Tandem Generator of the A.E.R.E., Harwell and samples were exposed whilst attached to a rotating disc 39) . Alpha particles with LETs of 100 keVmm -1 or more were obtained from sources of 210 Po (100 mCi) or of 238 Pu (30 mCi) mounted in a helium filled container provided with a thin window 38) . There was an air gap ~ 1 mm between the window and the bacteria during irradiation. The energy spectra of the particles and dose rates in the plane of the sample were measured by methods previously described 40) . Cobalt-60 sources provided g radiation at dose rates of ca. 50 to 300 Gy min -1 . Samples were irradiated in air and surrounded by sufficient material of low atomic number to ensure equilibrium of secondary electrons.
RESULTS
Mean effective LETs
In contrast with the narrow energy spectra of He ions with energies greater than 6 MeV 39) , those for a -particles of 4 MeV or less are much broader with pronounced low energy tails (Fig. 2) . Since effectiveness falls with increasing LET the effect-average values of LET for mutation induction (L m ) and for lethal damage (L l ) are larger than the value of LET at the peak of the energy distribution (L p ) whilst the values of dose average RBE are smaller than those for a narrow energy spectrum at L p . The underlying relations between RBE and LET for particles with narrow energy spectra have been found by trial and error using our data for broad spectra. Values of dose-average RBE were calculated for each observed energy spec- Pu source (30 mCi) as determined with an n-type silicon detector and pulse height analyser incorporating a pile-up rejector. The measured flux of particles per channel f(E) is shown in arbitrary units as a function of energy E (MeV). The detector was mounted at the same position as the bacterial samples but the flux of particles at the detector was reduced to a small fraction of its normal value by interposing a pin-hole in an aluminium foil thereby reducing the counting rates to acceptable levels. The low energy 'tail' of the curves may have been slightly accentuated by particle scattering from the wall of the pin-hole but experiments with pin-holes of different sizes suggested that this scattered component was less than one tenth of the true flux at these energies. trum and compared with experimental ones. From disagreements revealed by the first trial the relation was modified and then tested in the same way. After further trials satisfactory relations were found for both mutagenic and lethal effects and the effect-average values of LET derived from them are given in Tables 3 and 4 . are from the present experiments; the rest were from earlier work 38) .
Accelerated He ions were used for L p values up to and including 100 keVmm -1 and a-particles for higher LETs. Experimental values of R, the ratio of apparent mutation rates for He ions and 60 Co g -rays, for induction of phenotypic reversions in three strains of E. coli. The energy and LET (L p ) of He ions at the peak of each energy distribution are given in cols. (1) (Table 3 and Figure 4 ) and were used in calculating the values of RME (= R/S) in col. (8) .
Observed radiosensitivities and the relation between S and LET for a -particles
The values of observed radiosensitivities (10 2 /D o Gy -1 ) of E. coli WP2 for He ions of different LETs are shown in Table 3 together with that for g rays. These include some results published earlier and others from the present experiments. The lethal cross sections for a -particles are equal to [16L l /10 2 D o mm 2 ] and can be calculated directly from these data.
These cross sections are plotted against LET in Fig. 3 and appear to reach a plateau at LETs greater than 250 keV mm -1
. If we assume that the cross section tends to a constant value A at high-LETs because S tends to zero, this curve would provide the relation between S and LET if A could be determined with sufficient accuracy. From Fig. 3 it appears that A is greater than 0.50 mm In an attempt to determine a more reliable upper limit to A, values of S were calculated for each of several assumed values of A using data in Table 3 and some of these are plotted in Values of S derived from the curve A = 0.53 mm 2 for the different a -particle LETs used in mutation experiments are included in Table 4 .
Apparent mutation rates and RME-values
The results of a typical experiment with E. coli WP2 which was carried out in four parts on different days and the corresponding surviving fractions are shown in Figs. 5 and 6 receptively. The apparent frequency of induced tryptophan independent mutants amongst surviving genomes increases linearly with absorbed dose for both a -and g-radiations. The mutagenic effectiveness of a -particles relative to g rays (RME) is equal to the ratio R of apparent mutation rates divided by the value of S appropriate to the LET of the a -particles.
Experimental values of R for helium ions and a -particles of different energies and LETs are listed in columns (4), (5) and (6) of Table 4 . In several experiments (11) induced mutant frequencies were estimated by procedures (i) and (ii) but as the two estimates differed on average by only 3.5% they were given equal weights in arriving at the tabulated mean values. The differences between the values of R for the three strains do not appear to be significant. Values of S for the ions shown in column (7) were read from the curve of Fig. 4 for each of the mean effective LETs listed in column (3) . From them were found the values of relative mutagenic effectiveness in the last column of Table 4 .
Lethal effectiveness of a-particles of different LETs relative to g rays
We define relative lethal effectiveness (RLE) as the average number of lethal lesions induced by a -particles per genome of E. coli per unit dose relative to the corresponding number for g-rays (N.B. the average number of lethal lesions per track through a genome is -lnS). The values of RLE found from our experimental data are included in Table 3 .
Phage tests of tryptophan independent mutants of E. coli WP2
Ochre phage tests of tryptophan independent bacteria derived by mutation from strain WP2 agreed with earlier results 31) in showing that these bacterial mutations to wild phenotype are of two classes; those which do not yield phage plaques when spread as a lawn on M plates (tryptophan locus revertants) and those which do give plaques (mutations at suppressor loci). The latter consisted of two sub-classes which were clearly separable; those which gave large plaques (ca. 0.9 mm diameter) and those producing small plaques (ca. 0.5 mm diameter). These two plaque phenotypes appeared stable with respect to changes in bacterial surface density on the test plates and to continued sub-culturing. Table 5 shows the results of analysis of the prototrophic revertants of E. coli WP2, with respect to their lysis by ochre 427 phage after exposure to 60 Co g rays and to a -particles of peak energy 3.55 MeV. Colonies from unirradiated control samples were examined in the same way. The relative frequencies of the three classes of prototrophs amongst bacteria exposed to g rays are not significantly different from those exposed to a -particles (P = 0.17 from 2 3 contingency tables). On the other hand the two sets of controls do show significantly different relative frequencies (P = 10 -4 ). This is not unexpected since each of the cultures used for a or g irradiation was derived from a single colony within which spontaneous mutations of the three classes arose randomly during its pre-irradiation growth.
The results of Table 5 show that the g-ray induced reversion rate at the ochre locus of strain WP2 is 1.6 10 -9 Gy -1 genome -1
. The corresponding rates for those ochre suppressor sites which give large and small plaques respectively are 1.9x10 -9 and 0.5x10 -9 Gy -1 genome -1 . For strains WU 36 and RRU 35 the total g-ray induced phenotypic reversion rates Figure  5 . The forms of the curves which were drawn by fitting a multi target model through the experimental points are similar to those found earlier 30) . With a-particles an extrapolation number smaller than r would be expected since some particles can inactivate two genomes of one bacterium through which they pass.
are approximately 1.0 10 -9 and 0.5 10 -9 Gy -1 genome -1 respectively. No phage lysis tests on these revertants have been made. The two classes of tryptophan independent mutants of E. coli WP2 which produce large and small plaques with ochre 427 T4 phage may be assumed to arise from forward mutations at two or more different ochre suppressor loci. It is known that the suppressor mutations are also point mutations each of which affects a small number of nucleotide pairs at a DNA triplet specifying the anticodon of a transfer RNA molecule. Since the values of R for all these mutations appear to be very similar to that for locus reversions (Table 5 ) they presumably also arise from similar initial radiation-induced DNA lesions by operation of the same cellular enzyme systems.
Drosophila
Genetic studies with D. melanogaster have been carried out for a long time [41] [42] . However, from a radiobiological point of view, few studies have been reported with sufficient molecular information to shed light on the mechanism of back mutations. In general, flies carrying a particular mutant allele are irradiated and the offspring are observed for carrying normal or the back mutated allele 42 -48) . Amongst somatic mutation assay systems in D. melanogaster, wing-spot 49 -51) , the whiteivory (w i ) 50) and the unstable-white-zeste systems 51) can be named. Yoshikawa et al 45 -46) examined the RBE-LET relationships for carbon ions, neutrons and X-rays for induction of mutation as function of LET for the loss of hetrozygosity for wing hair mutations (mwh) and the reversion of the mutant white-ivory eye colour (w i ). The study used a mutation assay system that permitted the detection of both types of somatic mutation in the same fly. This method eliminates possible experimental bias arising from dosimetric problems and changes in physiological conditions. The estimated RBE values for carbon ions for induction of mwh mutation increases with increasing LET up to 100 keV mm -1
. In contrast, the RBE values for induction of eye-colour reversions were found to be nearly unity. Similarly, RBE-values for 252 Cf neutrons for mwh and revertant eye-colour spots were found to be 8.5 and 1.2 respectively.
Bacteriophage
Mutations to wild type of an amber mutant of phage T4 were studied after the phage had infected their E. coli hosts. These complexes were exposed to radiations of different LETs and the frequencies of induced revertants amongst the phages were scored within 2 h. The observed mutagenic effectiveness of heavy ions relative to g -rays fell steadily with increasing LET. These studies showed that mutational events were one-hit and were induced by passage of a single particle track through the phage DNA.
Relative mutagenic effectiveness
Experimental values of mutagenic effectiveness of a-particles and carbon ions relative to the values for 60 Co g -rays as a function of the LET are shown in Fig. 7 . The RBE-values for somatic crossing over and reversion induction in Drosophila were obtained by carbon ions 46) and the data for the bacteria are from the experiments reported here. The RBE-values for the T4 phage decrease with increasing LET while the w i white-ivory allele mutants show no dependence on LET. In contrast the RBE-values for both the E. coli and mwh wing hair muta- tions show strong LET dependency.
SUMMARY AND CONCLUSIONS
The paper presents a summary of data on the relative biological effectiveness (RBE) of double strand breaks and mutagenic effectiveness of ionizing radiations in reversion to wild type in Drosophila melanogaster and bacteriophage. New experimental data are presented for lethal effectiveness and mutagenesis in Escherichia coli WP2 trp. The RBE of three related mutants are shown to be LET dependent (Fig. 7) . The mwh and E. coli mutations show strong dependence on LET while the w i eye-colour revertant mutation showed no dependency on LET. The RBE-LET relationships observed suggest differences in the origin of DNA damage for the induction of these mutants. Munson 38) proposed the existence of two types of DNA lesions each with its own LET characteristics. These were named type1, accounting for those steadily decreasing with increasing LET, and type2 DNA damage in which RBE is increasing with increasing LET. Munson and Bridges 40) suggested that lesions of type1 and type2 could be mutagenic or lethal in the DNA of E. coli and its phage. Recent theoretical studies 52 -54) suggest that the DNA damage induced by high-LET radiation is qualitatively different from that induced by low-LET radiations. These studies indicated that the predominant features of radiations could usefully be considered in terms of various classes of initial clustered damage of increasing severity 55 -56) . Our theoretical studies have shown that clustered damage occurs at high frequencies for both low-LET (nearly 30%) rising to nearly 70% for high-LET radiations. The experimental data presented here and our theoretical studies (no data presented) indicate that the origin of RBE-LET relationships may arise from particular classes of clustered damage.
